To elucidate the background of the highly selective fungicidal activity of cyazofamid (ISO proposed common name), 4-chloro-2-cyano-N,N-dimethyl-5-p-tolylimidazole-1-sulfonamide, the biochemical mode of action of this fungicide in Pythium spinosum was investigated. Cyazofamid inhibited mycelial growth of P. spinosum on the order of 1 M on agar medium containing gelatin, on water agar, and on potato dextrose agar. The mycelial growth inhibition was markedly potentiated in the presence of salicylhydroxamic acid (SHAM), an inhibitor of mitochondrial alternative oxidase. Oxygen consumption of P. spinosum mycelia treated with 4 M cyazofamid was reduced by about 60%. At 60 min after the treatment, the oxygen consumption was recovered, but the respiration was resistant to potassium cyanide and sensitive to SHAM. From the effect of cyazofamid on electron transport activity of P. spinosum mitochondria, it was revealed that this fungicide specifically interferes with cytochrome bc 1 complex (complex III) activity (I 50 : 0.04 M). Cyazofamid, however, exhibited no inhibition of complex III activities in mitochondria isolated from other biological sources such as Botrytis cinerea, Saccharomyces cerevisiae, rat liver, and potato tuber. Thus, the highly selective activity of cyazofamid appeared to be due to a difference in the inhibitor susceptibility at the target enzyme. To identify the binding site of cyazofamid in complex III, reduction kinetics of cytochrome b hemes was investigated with P. spinosum mitochondria. The addition of cyazofamid immediately reduced cytochrome b hemes and the extent of reduction was higher than that without cyazofamid. Reduction of b hemes was markedly inhibited by the combined use of cyazofamid and azoxystrobin (Q o center inhibitor). These results suggest that cyazofamid binds to the Q i center of complex III. ᭧
INTRODUCTION
oomycete fungicides and effectively controls fungal isolates that are resistant to phenylamides Cyazofamid (ISO proposed common name), and strobilurins (1, [3] [4] [5] . This fact suggests that 4-chloro-2-cyano-N,N-dimethyl-5-p-tolylicyazofamid has a mode of action different from midazole-1-sulfonamide, IKF-916 (develop-that of other commercial fungicides. ment code), Ranman, is a novel fungicide (Fig. In the previous study, we examined the effect 1). The first registration of cyazofamid was of cyazofamid on the infection process of Phyreceived in March 2001 in the United Kingdom. tophthora infestans (3). Cyazofamid inhibited This was followed by registration in Korea and all stages in the life cycle, including zoospore Japan in April 2001. Cyazofamid exhibits highly release, zoospore motility, cytospore germinaspecific activity to fungi of the Oomycetes class tion, oospore formation, and mycelial growth of in vine, vegetables, rice and turf, and Plasmodio-P. infestans at 0.005-0.5 g/ml. It is well known phoromycetes in crucifers (1-3). Cyazofamid is that zoospore release and zoospore motility are safe to mammals (LD 50 , oral, rat, Ͼ5000 mg/ affected by the impairment of energy supply (6, kg) and fish (acute LC 50 , rainbow trout, Ͼ100 7). Cyazofamid inhibited zoospore motility of mg/liter, 48 h) (1). Cyazofamid exhibits no cross-resistance to other commercially available P. infestans at 0.05 g/ml during the first 60
Pathogens and Cultures P. spinosum was kindly provided by Dr. Tojo (Osaka Prefecture University, Japan). Botrytis cinerea Persoon: Fries (isolate S-1) and Saccharomyces cerevisiae (isolate T-1) were taken from the collection maintained in our laboratory. All FIG. 1. Chemical structure of cyazofamid and isolates were maintained on potato sucrose agar dimefluazole.
(potato infusion from 200 g/liter, sucrose 20 g/liter, and agar 15 g/liter) at 20ЊC in the dark.
Mycelial Growth Inhibition min after treatment, and zoospore release inhibition was reduced by an application of 20 M Inhibition of mycelial growth of P. spinosum ATP prior to cyazofamid treatment (3). These was determined by measurement of the radial results suggest that cyazofamid inhibits the growth on agar medium, treated with cyazoenergy generation system of P. infestans. The famid at different concentrations. Media conexperimental antioomycete fungicide dimeflua-sisted of potato dextrose agar (PDA; potato zole ( Fig. 1) , chemically related to cyazofamid, infusion from 200 g/liter, dextrose 20 g/liter, and inhibits electron transfer of the mitochondrial agar 15 g/liter), water agar (WA; 15 g/liter agar respiratory chain (8) .
alone), or gelatin agar (GA; 4 g/liter gelatin and In the present study, we focused our efforts 15 g/liter agar). Mycelial discs (4 mm in diameon elucidating the effect of cyazofamid on the ter) of test fungi grown on PDA were cut from respiratory function of Pythium spinosum the margins of the colony and placed on the Sawada, which causes seedling blight of rice, media containing different concentrations of barley, maize, melon, and sweet potato (9) . cyazofamid. In some tests, SHAM, an inhibitor Although P. spinosum is less economically of the cyanide-resistant induced respiration pathimportant than P. infestans, we here used the way in fungus mitochondria (i.e., an alternative former since mycelia of this fungi are more eas-oxidase), was also added to the agar medium ily obtained.
to give a final concentration 0.75 mM. After incubation at 20ЊC for 2 days (cyazofamid alone)
MATERIALS AND METHODS or 5 days (cyazofamid with SHAM), radial mycelial growth was measured and compared Chemicals with that of the controls.
Cyazofamid and azoxystrobin synthesized in Measurement of Respiration of Mycelia our laboratory were used in the all experiments. The compounds were dissolved in dimethyl sulMycelia grown in potato sucrose shaken medium (PS; potato infusion from 200 g/liter foxide:ethanol (1:4, v/v) and diluted with distilled water to give a final solvent concentration and sucrose 20 g/liter) for 10-14 days were washed three times with 50 mM potassium phosof less than 0.16% (v/v). Antimycin A, 2,3-dimethoxy-5-methyl-6-n-decyl-1,4-benzoqui-phate buffer (pH 7.2) and resuspended in the buffer containing 0.1 M glucose. Oxygen connone (DB), 2,6-dichlorophenolindophenol (DCIP), and salicylhydroxamic acid (SHAM) sumption was measured polarographically with an oxygen electrode (Yellow Springs Instrument were purchased from Sigma. 2,3-Dimethoxy-5-methyl-6-n-decyl-1,4-benzoquinol (DBH 2 ) was Co., Inc.) in 5 ml of the intact mycelial suspension (80-200 mg mycelia fresh weight/5 ml) at prepared by reduction of DB with dithionite. N,N,NЈ,NЈ-Tetramethyl-p-phenylenediamine 20ЊC. Respiration rates were calculated on the basis of 276 M oxygen in the air-saturated dihydrochloride (TMPD) was purchased from Wako Chemicals (Japan).
reaction medium at 20ЊC.
Preparation of Mitochondria Assays of Respiratory Enzymes
Both NADH-cytochrome c oxidoreductase Mitochondria were prepared from P. spinosum (complexes I ϩ III) and succinate-cytochrome and B. cinerea according to previous procedures. c oxidoreductase (complexes II ϩ III) activities (10, 11) with some modifications as follows. in P. spinosum were measured as an increased The mycelia after preincubation for 7 days in absorbance at 550 nm (i.e., the rate of cyto-PS medium at 20ЊC were washed with 0.6 M chrome c reduction) at 25ЊC. NADH-DB oxidomannitol solution. Ten grams of mycelia (fresh reductase (complex I) and succinate-DB weight) were ground with a pestle in 100 ml of oxidoreductase (complex II) activities were 20 mM 3-(N-Morpholino)propanesulfonic acid determined by the monitoring of the oxidation (Mops)-KOH buffer (pH 7.1) containing 0.3 M of NADH at 340 nm and the reduction of DCIP mannitol, 1 mM ethylenediaminetetraacetic acid at 600 nm, respectively. DBH 2 -cytochrome c (EDTA), and 0.1% (w/v) bovine serum albumin oxidoreductase (complex III) activity was meas-(buffer A) and 30 g of sea sand in an ice-cold ured as an increased absorbance at 550-540 nm. mortar. The homogenate was centrifuged at 4000 For this measurement, mitochondria were rpm for 10 min at 4ЊC and the supernatant was treated with 0.1% deoxycholate buffer B prior to use (0.2 mg/mg of protein). centrifuged at 15,000 rpm for 30 min at 4ЊC.
The relative extent of reduction of cytoThe precipitate obtained was resuspended with chrome b hemes of complex III in P. spinosum approximately 20 ml of 10 mM Mops-KOH mitochondria was determined with a Shimadzu buffer (pH 7.1), containing 0.25 M sucrose and UV3000 spectrophotometer in the dual-wave-1 mM EDTA (buffer B). Mitochondria were length mode. The wavelength pair at 562 and obtained by centrifugation at 15,000 rpm for 20 575 nm was used for cytochrome b hemes. min at 4ЊC and finally resuspended in 1.5 ml of
Complete reduction of cytochrome b hemes buffer A. S. cerevisiae was cultured for 24 h at was achieved by the addition of a few crystals 20ЊC in yeast peptone dextrose medium; (10 g/ of sodium dithionite into the sample cuvette. liter bactom yeast extract, 20 g/liter bactopeptone, and 30 g/liter dextrose). The cells of S.
RESULTS
cerevisiae were incubated in 20 mM K-P buffer containing 1.2 M sorbitol, 2 mM magnesium Effect on Mycelial Growth of P. spinosum chloride (MgCl 2 ), 1.3 mM dithiothreitol, 20 M Cyazofamid inhibited mycelial growth of P. cycloheximide, and 200 g/ml zymolyase 100T spinosum at 1-64 M on all agar media tested (zymolyase buffer) to obtain the spheroplasts.
(GA, WA, and PDA), as shown in Fig. 2 . The With the spheroplasts, mitochondria were inhibitory activity of cyazofamid varied obtained in the same manner as that of P. spinodepending upon the composition of the growth sum and B. cinerea. Mitochondria from P. spino-medium. The inhibition was more efficient on sum, B. cinerea, and S. cerevisiae showed no GA medium than on WA or PDA media. In respiratory control and uncoupler-stimulated contrast, cyazofamid showed no inhibitory activrespiratory acceleration probably because mito-ity at 300 M against B. cinerea and S. cerevischondria were burst during the preparation pro-iae on any growth medium (data not shown). cedures. This was, however, convenient for our When 0.75 mM SHAM, an inhibitor of an alterexperiments because externally added NADH native electron transport pathway in mitochoncan serve as a respiratory substrate of complex dria, was added to the growth medium, the I. Rat liver mitochondria were prepared by the inhibitory activity of cyazofamid was markedly methods of Myers and Slater (12) . Potato tuber enhanced (approximately 300-fold) on all the mitochondria were prepared by the methods of agar media tested, as shown in Fig. 3 . Mycelial growth inhibition was more efficient on GA Laties (13) . medium than on WA or PDA media, as was the case without SHAM.
was applied after 10 min incubation with 4 M cyazofamid, the respiratory inhibition was comEffect on Respiration of Intact Mycelia pletely reversed. Antimycin A showed a similar effect on the respiration of intact mycelia (Table  Next, we examined the effect of cyazofamid 1). These results strongly suggest that the action on oxygen consumption of intact mycelia (Table  site of cyazofamid is at a site upstream of com-1). Cyazofamid at 4 M exhibited 63% inhibiplex IV in the mitochondrial electron transport tion of oxygen consumption after 7 min incubachain. tion. When 3 mM TMPD, an artificial electron For assessment of the cyanide-resistant pathdonor to complex IV (cytochrome c oxidase), way, mycelia of P. spinosum were treated with 10 M cyazofamid and incubated at 20ЊC. Cyazofamid at 10 M exhibited 97% inhibition of oxygen consumption after 7 min incubation (0.205 M O 2 /min/g fresh weight mycelia; data not shown). At 60 min after treatment, the oxygen consumption was recovered (Table 2) . When 1 mM potassium cyanide (KCN) or 1 mM SHAM was added to the mycelial suspension, the recovered respiration was resistant to KCN, but sensitive to SHAM. tion kinetics of cytochrome b hemes using antimycin A and azoxystrobin as the reference inhibitors of the Q i and Q o reaction centers, respectively. About 25% of the dithionite-reducinhibited by 3 M cyazofamid, whereas the inhibition of complexes I and II activities were negli-ible cytochrome b hemes were immediately reduced by the addition of NADH (Fig. 4A) . The gible at the same concentration (data not shown). These results clearly indicate that the inhibition control experiment with antimycin A is shown in Fig. 4B . The addition of antimycin A rapidly site of cyazofamid is complex III.
Effect on Electron Transfer Activity of Mitochondria
The inhibitory effect of cyazofamid on com-reduced cytochrome b hemes, and the extent of reduction was higher than that of the addition plex III activity in mitochondria isolated from various biological sources was also examined of NADH (without antimycin A). In agreement with the well-known phenomenon (14, 15), (Table 3) . Complex III activity in P. spinosum mitochondria was markedly inhibited by cyazo-when antimycin A (Q i center inhibitor) and azoxystrobin (Q o center inhibitor) were added famid at a concentration as low as 0.1 M, I 50 value being 0.04 M (Y ϭ 39.9X ϩ 104; Y, together (i.e., under double-kill conditions), reduction of cytochrome b hemes was remarkinhibition rate (%); X, Log 10 concentration (M); r ϭ 0.9). Contrary to this, complex III ably inhibited, but not completely (Fig. 4C) . Note. Entries represent the means and standard deviations (SD) of percentage inhibition based on two replicates; where no SD are given, replicates were identical.
a Not tested. Cyazofamid exhibited effects on the reduction produced through mitochondrial oxidative phosof cytochrome b hemes similar to those of anti-phorylation is utilized by pathogens for digesting mycin A; namely, addition of cyazofamid imme-substrates to make the nutrients available. In diately reduced cytochrome b hemes (Fig. 4D) . GA medium, the pathogen would have to obtain Reduction of cytochrome b hemes was markedly carbon and nitrogen sources by digesting gelatin inhibited in combined use of cyazofamid and (16). On the other hand, since PDA contains azoxystrobin (Fig. 4E) . On the basis of these many different simple sugars and polysaccharesults, the binding site of cyazofamid in com-rides, the pathogen on PDA would be able to plex III appears to be the Q i reaction center.
obtain extra nutrients more easily. It is widely known that some phytopathogenic DISCUSSION fungi exhibit an alternative respiratory pathway when their complex III enzyme is hampered Cyazofamid is a novel oomycete fungicide (17) (18) (19) (20) (21) (22) (23) (24) . Cyazofamid also probably induces an with a chemical structure quite different from alternative pathway in mitochondria of P. spinothose of other currently registered and comsum mycelia since mycelial growth inhibition monly used fungicides. We have suggested that by the inhibitor was remarkably enhanced when cyazofamid may serve as an inhibitor of the SHAM was added to the medium (Figs. 2 and 3) . energy generation system in fungi of the OomyFurthermore the recovered oxygen consumption cetes class of P. infestans (3). Large differences by P. spinosum following cyazofamid treatment were found in the effects of cyazofamid on the was resistant to KCN, but sensitive to SHAM growth of P. spinosum (Figs. 2 and 3) . The inhib- (Table 2) . It is well known that since this pathitory activity of cyazofamid varied depending way generates much less redox-coupled proton upon the composition of the growth medium.
motive force, the pathway has no impact on the These findings could be consistent with the fact level of disease control by complex III inhibitors that the mode of action of cyazofamid is the inhibition of the respiratory system. The energy (17, 20, 21, 23, 24 ).
Cyazofamid specifically interferes with com-activity of P. spinosum mitochondria and showed plex III activity in P. spinosum mitochondria. no fungicidal activity against oomycete plant Many specific inhibitors of each component of diseases (S. Mitani, unpublished data). Taken the mitochondrial respiratory chain have been together, the dimethylsulfamoyl moiety may used or tested as fungicides for agricultural use be a common toxophore of these oomycete (25) . Among them, some inhibitors are known as fungicides. complex III inhibitors. For instance, strobilurin Although antimycin A is one of the bestfungicides, such as azoxystrobin, kresoxim-known inhibitors of the Q i center of complex III methyl, metominostrobin, and trifloxystrobin, (8, 14, 15, (31) (32) (33) (34) , this compound is not suitable oxazolidinedione fungicide famoxadone, and for agricultural use because of its nonselective imidazolinone fungicide fenamidone belong to toxicity. Our study clearly showed that cyazoa new class of modern fungicides which act as famid strongly inhibits complex III of the Oomycomplex III inhibitors (17- 21, 23, 25-30) . cetes, but not that of mammal mitochondria. It There are two ubiquinone redox sites in complex is therefore expected that cyazofamid presents III enzyme, the Q i and Q o centers. According to no risk to mammalian species. Why cyazofamid the proton-motive Q-cycle theory, ubiquinone is acts as a specific inhibitor of complex III solely reduced at the Q i center and ubiquinol is oxi-for the Oomycetes remains to be elucidated. dized at the Q o center (14, 15) . The binding site Structural features of the Q i domain in the of strobilurins and famoxadone is reported to be enzyme may be somewhat different among the Q o center (31-34). Chin et al. (35) reported Oomycetes and other classes of fungi, other that there was cross-resistance between strobi-plants, and mammals. lurins and famoxadone on Mycosphaerella
In conclusion, cyazofamid is a novel fungifijiensis. Thus, the action site of cyazofamid dif-cide for the control of oomycete plant diseases. fers from that of other commercial fungicides. This compound inhibits fungal growth by disConcerning this, it should be mentioned that, rupting the energy supply by blocking the elecvery recently, isolates of Pseudoperonospora tron transfer in mitochondrial complex III. The cubensis (Berkeley et Curtis), Rostowzew resis-binding site of cyazofamid is the Q i center of the tant to the strobilurins were found in Japan and enzyme and differs from those of other currently the efficiency of strobilurins has significantly registered and commonly used fungicides. The decreased in some areas (36, 37) . Interestingly, highly selective toxicity appeared to be due to it was reported (4, 5) that cyazofamid exhibited a remarkable difference in the inhibitor susceptino cross-resistance to the strobilurins. This fact bility at the target enzyme. should be associated with the difference in the action site in cyazofamid and strobilurins, as REFERENCES described above.
Although dimefluazole never reached the sulfamoyl moieties (Fig. 1) . Binding studies con- ylsulfamoyl moiety did not inhibit complex III
